Melaleuca alternifolia Cheel essential oil (TTO) and its major component terplnen-t-ol were examined against a large number of clinical isolates of Staphylococcus aureus to establish their antistaphylococcal activities. Classic and established procedures were used to study M.I.e., time-kill curves, synergism and mutational frequency. The anti-staphylococcal activity of terpinen-d-ol and TTO were superior to those of antibiotics belonging to the major families (all the tested drugs are for topical use or included in ointments, eye drops or used during surgery); terpinen 4-01 and TTO were active against strains resistant to mupirocin, fusidic acid, vancomycin, methicillin and linezolid. TTO and terpinen-4-01 were bactericidal as revealed by time-kill curves; the frequency of mutational frequency to TTO was < 2.9xl0 9 • The study demonstrates good anti-staphylococcal activity of TTO and terpinen-a-ol against a large number of S.aureus isolates and suggests the possible application of these agents for topical treatment of staphylococcal infections. This is the first extensive study on the anti-staphylococcal activity ofTTO. The results suggest that this compound may have application as a topical agent for the control of superficial staphylococcal infections, including activity against organisms resistant to antibiotics which can be used, or are specific, for topical use.
The emergence of resistance to antibiotics in Staphylococcus aureus is a major medical concern, consequently there is an interest in developing alternative drugs. The control of superficial infections by S.aureus depends heavily upon the use of topical antibiotics such as fusidic acid and mupirocin; mupirocin also has an important role as a topical agent in eliminating the carriage of MRSA (1). However, the incidence of resistance to both these antibiotics in S.aureus is increasing, and there is a need to consider the use of other topical agents for the treatment and control of staphylococcal infections, especially those caused by mupirocinor fusidic acid-resistant strains. The essential oil of Melaleuca alternifolia Cheel (TTO) has been successfully used as a topical agent to control wound infections since it possesses antibacterial activity (2) (3) (4) . Although the in vitro antimicrobial activity and mechanism of action of TTO have been reported (2) , more information is required before more widespread application as a topical agent. This study presents a detailed examination of the anti-staphylococcal activity of TTO and its major components against a large number of Staphylococcus aureus clinical isolates, including strains resistant to fusidic acid and mupirocin.
MATERIALS AND METHODS

FI'O and its major components
Melaleuca alternifolia essential oil obtained from Variati, Milan, Italy, was analysed by Gas Chromatography-MS with capillary column SPB-5 and its major components quantified: (o-tuiene 0.94 %; a-pinene 2.42 %; sabinene 0.40%; B-pinene 0.73%; myrcece 0.87%, u-phellandrene 0.34%; o-terpinene 9.76 %; p-cymene 2.82%; limonene 1.75%, 1.8-cineole 3.57 %; y-terpinene 20.65%; terpinolene 3.71 %; terpinen 4-01 42.35 %; a-terpineol 3.09 %; aromadendrene 0.94%; 8cadinene 1.0 5%). Principal components of the essential oil, i.e. terpinen-d-ol, cineole, terpinolen, n-terpinen and y-terpinen were also purchased separately from Sigma-Aldrich, Milan, Italy.
Organisms
The following bacterial species were used: methicillin sensitive S.aureus (MSSA) (n? 42), methicillin resistant S.aureus (MRSA) (n°23, vancomycin intermediateresistant S.aureus (VISA) (n°7), fusidic acid resistant S.aureus (n°10) (5), mupirocin resistant S.aureus (n°11) (6), linezolid resistant S.aureus (n03) (7) . The organisms used were all clinical isolates belonging to different strain collection and stored in 15% glycerol media at -80%. The fusidic acid and mupirocin resistant strains belonged to Prof. Chopra's collection and were isolated from different clinical samples in Leeds General Infirmary, Leeds, U.K.; linezolid resistant strains were kindly sent from Prof. P. Courvalin (France) after permission from Dr 1. Ferraro (USA); all the methicillin sensitive and resistant strains belonged to Prof. Oliva's collection and were isolated in S.Salvatore Hospital, L'Aquila-Italy, from urinary tract infections, abscesses, skin infections, pharynx swabs, sputum, blood stream and catheters.
Media
Mueller-Hinton broth (MHB) and Mueller-Hinton agar (MHA) (NCCLS 1993) and Iso-Sensitest agar (used for determination of mutation frequencies) were purchased from Oxoid, Garbagnate Milanese, Milan, Italy.
Antimicrobial agents
The following antibiotics were purchased from Sigma-Aldrich S.r.I., Milano, Italy: ampicillin, erythromycin, chloramphenicol, tetracycline, gentamycin, kanamycin, vancomycin, fusidic acid. Mupirocin was a gift ofGlaxo-S.K. Beecham (Harlow, U.K.).
Determination of susceptibility to antimicrobial agents
Minimum Inhibitory Concentrations ( MICs) were determined by agar dilution on MHA supplemented with Tween-80 (Sigma-Aldrich S.r.I. Milano, Italy) (0.5% v/v) with inocula grown in MHB of 10 6 CFU/spot. Tween-80 was included in all the media to allow a better distribution ofthe oils through the broth or the agar, after checking that 0.5 % v/v did not affect the bacterial growth. Antibiotic plates were inoculated by a Multipoint inoculator A400 (Denley, West Sussex, UK). The MIC was defined as the lowest concentration of compound that completely inhibited visible growth after 18 to 24 hours of incubation at 37°C (8) .
Effect of ITO and terpinen-s-ol on culture bacterial viability
Studies to determine bactericidal activity were performed on exponential-phase cultures of S.aureus 8325.4, a standard laboratory strain (9), in MHB, supplemented with Tween 80 (0.5% v/v).
TTO and terpinen-c-ol were added at I, 2 and 4 times the MIC to late logarithmic-phase cultures, and samples were taken to determine culture viability. Samples were serially diluted in phosphate buffered saline (PBS) and plated onto MHA plates. The colonies were counted after incubation at 37°C for 18 to 24 h. Control experiments were performed in the presence of rifampin.
Determination of frequencies of mutation for resistance to essential oils
Determination of frequencies of mutation for resistance to essential oils was performed with Iso-Sensitest agar supplemented with Tween 80 (0.5% v/v). A standard technique was used (10) . Mutant colonies were counted after incubation of the plates for 24 h at 3rC.
RESULTS
In vitro anti-staphylococcal activity
The activities of Malternifolia essential oil and its major components were compared to those of ampicillin, erythromycin, chloramphenicol, gentamycin, kanamycin, vancomycin (Table I) . The MIC 90 of Malternifolia essential oil for MSSA, MRSA strains was 0.5 ug/ml whereas for VISA strains it was 1.0 ug/ml, The MIC 90 of terpinen-t-ol for MSSA, MRSA and VISA strains was 0.25 ug/ml. Moreover, the MIC values obtained with essential oils were below (MIC=0.50 ug/rnl) those exhibited by ampicillin, erythromycin, chloramphenicol, gentamycin, kanamycin, vancomycin. In fact, the MIC 90 ofMalternifolia essential oil and terpinen-d-ol were 0.5 ug/rnl and 0.25 ug/ml respectively, against 128 ug/rnl (ampicillin, erythromycin, kanamycin), 128 ug/rnl (mupirocin), 64 ug/ml fusidic acid), 16 ug/ml (chloramphenicol), 0.5-32 ug/rnl (gentamycin) and 2-4 ug/rn! (vancomycin). In Table II the MIC values are reported of Malternifolia essential oil and its major components against S.aureus strains resistant to fusidic acid and mupirocin: The MICs 90 of Malternifolia essential oil and terpinen-s-ol were 0.5 ug/rnl and 0.25 ug/ml respectively; no crossresistance was observed between TTO and terpinen-4-01 and the other molecules.
Effect of TTO and terpinen-d-ol on survival of S.aureus 8325-4
The effects of the essential oils on the growth and survival of S.aureus 8325-4 were evaluated over a 2 hour period (Fig. 1a, 1b) . Both TTO and terpinen-4- 01 were bactericidal and the bactericidal activity was dose-dependent. In control experiments, the rifampin displayed bactericidal activity, as predicted in earlier studies (11).
Mutation frequency for resistance to TTO and terpinen No mutants were detected on the plates containing TTO or terpinen 4-01 at 4xM.I.C.
DISCUSSION
In the last few years more interest has been shown in alternative molecules with antimicrobial activity; officinal plants are a continuous source of raw materials which result active versus different microrganism species.
The diffusion of infectious diseases and the outcoming appearance of new pathogens, as well as bacterial resistance to antibiotics and the side effects from their use, prompt the research of new molecules. The appearing of novel and more extensive resistance to antibiotics among the S.aureus species is particularly critical. Nowadays it is always more frequent to isolate strains of Saureus resistant to methicillin, glycopeptides, fusidic acid, mupirocin and even to linezolid, the latest antibiotic with antistaphylococcal activity. For this, it appeared of interest to evaluate Malternifolia essential oil and its major components against a number of clinical isolates of Siaureus. In order to permit comparison of the data, all the tests were performed with chemicallydefined essential oil and the MICs were carried out with standardized method (NCCLS) (8) . The MIC 50 and MIC 90 of Malternifolia essential oil and its major components in comparison to representatives of the major antibiotic families are reported in Table I . All the antibiotics compared to TTO and terpinen 4-01 are only for topical use (fusidic acid and mupirocin), or can be found included in ointments or ophthalmic solutions or used during surgery as topical drugs (12) (13) (14) (15) (16) (17) . Our results show a real efficacy, especially for Malternifolia and terpinen-d-ol in comparison to the antibiotics examined. In fact the MIC and , 50
MIC 90 as well their MIC ranges, are often lower than those obtained with the antibiotics used as reference. Moreover, the two compounds show the same activity against S.aureus strains resistant to fusidic acid (Malternifolia essential oil MIC 90=0.5 ug/ml; terpinen-t-ol MIC 90=0.25 ug/rnl) and mupirocin (M alternifolia essential oil MIC 90 =0.5 ug/ml; terpinen-t-ol MIC 90=0.25 ug/ml), the antibiotics of choice for topical S.aureus infections. These results implicate that there is' no cross-resistance between TTO and terpinen-d-ol and resistance to methicillin vancomycin, fusidic acid, mupirocin or linezolid. '
Malternifolia essential oil and terpinen-d-ol already showed cidal activity towards Siaureus 8325.4 after 5 min. This activity was dose-dependent because the culture killing was much greater and quicker after exposure to 2x and 4x MIC values (Fig. I) , and in the case of terpinen-s-ol, after 5 min at 4xMIC there were practically no surviving cells. The fact that the determination of the mutational frequency did not yield any result, this being <2.9xI0 9 , accounts for a very slight possibility of achieving resistance against these two drugs. In conclusion, the very low values of MICs and the cidal activity of TTO and terpinen-d-ol, especially when compared to those of the reference antibiotics or to the bacteriostatic activity of fusidic acid and mupirocin, suggest major interest in these two molecules. Moreover, the fact that these are very active even against resistant strains, included those mupirocin, fusidic acid or linezolid resistant and that it was not possible to recover resistance mutants prompt for a possible use as topical agents for the treatment of staphylococcal infections and a useful control of MRSA carriage.
